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Abstract

Dyntic vehicle powertrain rrdeb have bean fomnulatcd by many rcswrchers for particular

applicstiona, mainly the aml~ of powrtrtin charmeriatirxr or vibration, In this paper, we

forrmtlate rrmdelad four-wheel-drive vehicle pmcrtraitau for tha pur~ofrcd-tirrm simulation.

\Vhilc nol cwompamt Ilfl t hc complete charwtertslica of powwrt ram operation, t II= tnodds UC

applicable for I-US?in vehicle tiIrniAletors,and includo txrth the (Iiffcrcntlal and luck-up IIKMlmd’

I’wu-whd-drive lrtier c- opcratmnn

The ndda of four-whcd-drivr pvwtrairm are applial to Rparticulu vehicle, the US Army

Iligh Mobility Muitipurpmm W&led Vehicle or IIMMIW, in order to cornpara and contrut

Imth the runmld VChiclcprrforrnartce and the _tationaJ mrnpiexity of the Imdda, ‘I”IIc

IlMh4WV powrtrain incorporate n wirlc vnricty of corrrporrrmtaincluding: i-mtomatic trww

Inimion, torque cnnwrter, worrmgeu ditrcrentmls, tmnafer cam for both dif’fcrtwlial JUIdluck-up

opratkm, ad flnahlrivo Hptwdrmhmm at the whd Mm, “1’hua the ntnu.htion of Ihirt Aidv

mdicatmr tha wide applicatmmof thr dcvdqwd MNXIOIH,

“I;oruwrlv, ( ;raduata SlUIlmLlI~niwrulv d Wnmwun Mdinorr



1 Introduction

Dynamic vehicle powertrain models have been formulated by a number of researchers for a variety of

purposes rmiging from investigations of the Jynamica and vibrational characteristca of the powertrain

LO studies of powertrain control; aee for example Kotwicki ( 1982); Cho and Hedrick ( 1988); or Karmel

( 1986). The models developed herein are formulaccd for use in real-time vehicle dynamic simulators.

‘rhe primary purpoeea of such simulators arc to M p understand operator-machine interaction as

it appliea to vehicles, In particular, aapecta such as age, fatigue, narcotics, alcohol, disaLiliLies,

;~ccident prevention training, vehicle and highway &sign, traffic control devices and transportnt ion

system automation are of considerable interest: we Sloncr, cl al. ( 1!3!)0). one iInportallt ,MpIBct

is that it is desirable to minimize the required aIIIOUIILof colnponcnt lest ing yrt still fl(l~([llill~ly

simulate vehicle behavior for the model purposes, ~\s such, scwral assumptions llmde in (Ioriviilg

t lwse models include

● The torque converter is always operating nt its designed cnpacity,

● The torque converter and tritnsmissiou qcaring arc considered inertiulcss,

● The wheeio always remain iII contact with t,hc grrtuud.

● “IVIC lorquc ralio of the ‘Ibrsrn ~lilrmrntiala CIIIIIN*npproxilll~tcd hy the function rrprvsolllmi

in Fig. 1.

2 ‘Vehicle Model
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of-freedom; including longitudinal and lateral displacement, roll, pitch and yaw rotations, flexible

steering system dynamics, and tire rotational dynamics. The tire force model used in this study is

a modified form of the Dugoff model: see IXrgoff, ei al. ( 1970) and Cuntar and Sankar ( 1980). The

Dugoff model calculates tire tractive forces as functions of i.he tire load, slip angle and slip ratio,

lhus accounting for the trade-ofl between longitudinal (braking/tractive) force and cornering force

and reasonably accounts for tire behavior near the limits of adhesion.

3 Powertrain Models

Two typea of four-wheel-drive powrrtrain models arc dcrivrd in this study ‘l’he Iirst i~ a powertrain

incorporating a diRerential trausf~w case, nnd the second is a powertraill with n “locked-up” or rigid

[ransfer caae. With the exception of a L~grnnge rnultiplicr in tile second IIKMICI, which i~ uswl to

enforce the rigid transfer ciwe cotmtraint. the two powcrtrain l]mh?ls nrr equivalent, ‘1’lwImrticular

powertrain used for cxarnple k Lhc lJS ,\rmy High hloLility Multipurpose \Vhw4ml Vvhiclc, or

11MMWV, a full-time four.wheel-drivr vehicle which incorpm:~tcti :1 Iuckahlc dilf’urol~tiul l.rallsfcr

I-zWe,

The formulation trents the powcrtrain aa five Iurnpcd incrtias, one rcprrwjnting tlw rngitw and

IIw ot.hers representing the r(}tnl.ional incrtim of Lhc whtwls. ‘Ihc Iulllpcd rngitw itwrtin includvs

IIw imwti~ of the crankslmft, torque ronvcrtm inlprllcr :md tlw nwrngc inrrt iu of the rrcipmcnting

l~iston~, whilr the Iumpml wtlerl inrrl iM includo tlw inrrli,u id’ IIw lram[~r rww, flrivmhnf!s, tlif-

~,’rmt In] gmring, RXIOH,tli~k I)rduw, iillnl-~lriwl gviwing, WIMWIIIIIIM IItId I irrs, ‘1’]lus, (Ixprvswllg III(I

sfw)tl(l-(dt~r dynamim M

[J]{J} = {/””}+[fhjr{A} (1)
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A simplified dynamic model of the diesel engine can be written

JE8E = TE - TACC – TTci (5)

where TACC are the torque 1~ due to engine acceaaorim, and T&l is the absorbed input torque of

the torque converter. In this study, the engine acce~ry ]- are modeled as an algebraic Iunction

of the engine speed.

3.2 Torque Converter Model

The torque conver~er model employed in this study is based 011 tl~e cubic splinr curwfits of the

[orque ratio vs. speed ratio and the torque capruity factor vs. Sl~eeLIratio curvm. ‘1’lmw curvm fire

st.andartl methods of representing the stemly-titate characteristics of tmquc convcrtcra. An oxmuplc

rurve is diagramed in Fig, 2. The torque capacity factor, A“,rcpwwnts the relationship of input

torque and speed for a convert~. r of a pwticular ~ize and intcrnnl hladr gcolmgtry, ‘1’hc nlxsorl)l {1

input torque, ‘rTCi, at steady-slate conditioua is mitral to Llm squarv of tllc inverse ‘npncity li~cLor

Illultipliccl by the squn.rc of the iuput sprml, or

((j)

:{.3 Thnsmission Model



The torque converter and transmission output torquea are related by the following expression

TT = l]jiVjTrco (9]

where TTCOand TT are the torque outputs, and ~j is the efficimcy of the jth gearset.

3,4 ‘Ikansfer Case

TWCIdifferent transfer case models are employed in the current sludy; the first being a diffcrenlinl

transfer case, and the second being a “locked-up” or rigid transfer case. For both transfer case types,

the angular velocity of the transmission shaft is related to the angular velocities of the drivcshnfts

I)y the equation

h = ; (k+ fk.s) (It))
.

where #FS and d- represent the front and rear driveshafl angular velocities, rmqmctivrly, k’or the

rigid transfer case, there is tlm additional constraint equation

which expreasea that the front rmd mar drivcuhafts must rotate with the rmme HpLwd wlwn the

trnnsfrr c= is locked.

3.s Differential Model

“1’lw vrhiclr Imdrlrd ill thiN NtII(ly IIPMWwnrllbKmw, t]r ‘/’or,nrtt, (lilfrrrnti;llN, ‘1’lIr ‘1’(www dill’f’r:wtl:ll

Il)f){lrl dlfTt!rN fr[ml lhc C[)ll Vrlltil)lli\l dilrmntinl Ilmdrl Nincr it nllowNn Vnrint)lr [,tVllllWHl~lll, IIIUW(I 1)11

I Ill! lllf!’Prf’llCr of th~ [)lltpllt ~;.d’t Np(’f’(ki, III 111P illll)l(itllclltnliofl nppliwl ill tlw w ~Int Ntu(ly, Ilw

Ilmgnitudc of the torque nplit iN fouml frolll tl)c curve (Iingrntunwd ill tig, 1, ‘1’lw i ,,quo Nplit rIIII

:dN() Ilf’ Im)(frled u~ing nn Kulfw- I,ngraugr dmlvnl.ion in cottlbinntiou wilh n fricti~m tlmtlfll [Frfv lII:tn

:111(1\’c”]inNky, I {)H\)l, ]Iowovor. :Il)l)licntl(m of tlliN III )rr cottlplicnlf’(1 II I()(IvI iH f)f {lll(,Nlliotllll]lfl V;l II III If)

I ]IIN llll~!ll$lll(llltntloll.

I,ikv thfI Irnmfrr r:w’, thv 1111)111rnhlLfl vv](mily I)f I.hr difrrrrntild I“nII 1111rfllnl,od If) t III’ nKII’

WIIIIIIII ION I)y 1llf~ foil I)wIIIg mlll:ll.it~ll,

(
,Vl) fill I l)\t,tl,,q 1

2 )
i --- l; 1{ (12)



where #is signifies either the front or rear driveshaft velocity, and ~~i and em are the corresponding

Icft and right axle velocities. The curve shown in Fig. 1 provides for a 2:1 torque bim ratio between

the two axles, with the slower axle receiving the larger amount of torque. Provided that a represented

the torqut+split found from this curve, the torque output to the slower axle ia expreaaahle aa

T.lOW = nqDND~S (13)

irnd the torque for the fwter axle aa

where Tls is either the front or rear driveshaft torque, .YIJ is the qmed rntio rmd 111)is the dllcicncy

of the differential.

3.6 Final Drive Gearbox Model

‘l’he vehicle used for modeling purpmea haa the aomewhnt Uilutiuid :wratlgcnmnt of Iiiivil]g linal-

drive gearboxes mounted at the curls of thr suqwneion arms, (or lIN*purpuw of incrcnsillg mwrnll

ground-dcarance. The nngular vrlocity rclatiomhip of the whcl~l nnd the nxlc is simply givw l~y

(IF))

4 Testing Results

(1(i)

i



cornering. Thaw teats we]c analysed by Koga ( 1988) aa a means of comparing different type of

four-wheel-drive powertrains and their basic characteristics of operation.

The etraightline tractive teata were performed with the transfer ctue in the unlocked, or differen-

tial, pcmition and in the high-locked, or rigid, position. A rmtrictive force was app:ied to the vehicle

at the trailer hitch. The teat results are shown in Fig. 3. As expected, the differential transfer CMS

model exhibita equal toique proportioning between the front and rear axles. While the locked trana-

fer case model displays a greater proportion of torque being transmitted to the front axle at low to

moderate tractive loads, while at higher tractive loading the torque proportioning becomes greater

d lhe rear axle. Thm remlta are similar to those of Koga ( 1!)88), however that study shcwed

Inuch more dramatic changes in the torque proportioning of the locked transfer case. The change in

front/rear torque proportioning is due to changes in wheel loading, since the :lpplied tractive load

creates a monlent about the pitching axis of the vehicle, \Vithout lhc elrecls of weight transfer. the

Iractive torque proportioning follows the static wheel load proportions. [n the study of Koga ( 1988),

static wheel loading was proportionally much higher on the front wheels, than it is for the Ilhl hl \VV

modeled in this study.

The low-speed, cornering tests were run using the same conditions as the stmightline tractivc

twts except that a steering input of 20° at the front tirm was used. For lIIC lIMhlWV, this results

in a Lurning radius of approxinmtely 48 feet, Results aL low tractivc torques fol]ow lhc results of

Koga ( IWY3),however sa the total tractive torque incrtmaea to a value that cmmes the infiidc rear tire

I () skid. the front/rear torqlle proportioning returns to the values dlown by the strnightlinc (Intn,



5 Conclusions

Two modele of four-wheel-drive powerlrtins were formulated in this study for application in a vehicle

simulator. The models were formulated to r~mulate the lock-up and differential modes of transfer

case operation for a four-wheel-drive vehicle. Other types of four-wheel-drive vehicle transfer cases

could be readily incorporated since the two modm modeled represent the extremes of normal transfer

case operation. While the models presented do not encompass the complete characteristics of vehicle

powertrain operation, and as of yet have not be compared to actual vehicle data, they do incorporate

an adequate level of behavioral characteristics for use in a vehicle simulator.

We have found that the characteristics of the differentials is dependent on the vehicle wheel

loading, and that weight transfer ell’ecte change the relative values of tractive torque proportioning.

Finally, tt is important that the models can bc computed in real-time, in order to respond to operator

inputs, we have shown this to be achievable with current personal computer hardware.
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